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SUMMARY

There~ortcontaiiistheresultsofan e~erimentalinvestigation
of theaerwlymamiccharacteristicsofa rotatingaxial-flowblade@:id
withp~ess~we-dncreasirigeffect.S8ver51.techniquesofmeasurexmt
wereapplied:mmely,~resmredistributionmeasurements,pitottihe,
andhotwtiewakesurveys.Theresultsof thesemeasurementswereused
as thebs,~isofan ~lysis of theflowthroughtherotatinggrid,in
particular,of thoseeffectsnotpresentina fixeclgridan5.of the
factorsnotaccoun%aforinthetwo-aime~i~~ltheoryof iixtaltilow
bladegrta8..

Itwasfoundthatradialdisplacementof the30uM=% layerdelays
thestallof therootsectionariainduceseer-~stallof thetipsection
whichmaybecomecriticalforthepumpingUmit of thebladerow. fiter-
actionof%ovnaarylayersalongthecaainganathehubad alongthe
%lades-arfacesthroughraaialflowrepresentsa ma$orfactor“notac-
counteJforinthetwodimensionaltheoryofblaaegrias.of similar
importanceuponefficie~yandoperatingcharacteri.atliisistheradial
displacementof thewakes.

,,

INTRODUCTION

Whenuafngtheresultscfflewteatsofmodelgridsasa basis
forthe yerfcrmeacecalculationofrotatingaxial~low%laiierown,
questionsamiseinregard.to theapplicability.Modelgridsoftenare
straightratherthanannular,inmostcaaeatheyhavea finitenumber
ofILades,andtheVazzia.tionofconditimsofflowalongthespanin
no wisecorrespondstothatof theannulargrid,.Mosti.mportxcatof
all,certaineffectsofcentrifugalaccelerationpreaemtinthero-
tatinggridcamnotbe simulatedina static..flowteat. Ihoraerto
firilen answertothesequestions,fundamentalinvestigationof the



flowthrougha.rotati~.bladegridappeaYe5deaii-a%le.Invedifiatlcns
*

onrotatingbladegridshave‘&eadvantageoverstaticflowteststhat
higherRemoldsandWch numberscanbe attainedwithoutrequiringa
largeamout ofpowerformovi~ theeir;furthermoretherequirement
ofan inffniteumber cfbladesisautomaticallyrealized.E~ori.
mentaltechniques,whichEhou3.dcorraspor,dtothosecustomaryin static-
flowtests,however,arecon~fderablymorecumbersome.

Theattemptwaamadetodevelopsuitableexpeirinxmtalmethodsand
withtheiraidtomeasureandanalyzethecharacteristicsofa rotati~
axial-flowgrifi,forwhicha suitableprofileandspecifiedoperating
conditionsliadbeenproposedby theNationalAdvioozTCommitteefor
Aeronautics,particularly3nthoQereepeotsinwhichtheytifferod
fromthoseofthefixedgrid.A retardinggridwaschosenpartlybe-
causeIt requii”esa lesscomplicatedtestsetupthanm accelerating
grid,butprimmilybecausethepartlcula*effeotsdistinguishingthe
actionoftherotati.agandthestationarygridwereanticipatedto
standoutmoredistinctly.

.
Thisinvestigation,conductedat theCaseSchoolofAppliedScience,

wassponsoredby andoonductedwiththefinaacialaeeistanceof tha
NationalAdvismyCommittee~orAeronautics,

TheIxAm wereooqductedby Mr.R. J.Carleton,researchess5st-
ant,ahdMr.RcbertChristianson,a studentof thatins%i.tution.The
calculationswsrocsrrledout by MIs. F. ScottRodgers,researchas-
sistant.

LISTOFSYMBOISANDCOEFFIC~NTS

r

Y

t)

t=

1

cc

u=

radius, feet

distanceparallelto theaxisof thebladegrid,
Peripheraldirection,feet

nmler ofblades

271r
77’

pitchofblades*~feet

chordofbladeelement*jfeet

thatis,in

angularvelocltyof thebladegrid,radiansperseconds

rm rotationalvelocityof thebladeatradiusr, feetperseconil

.

.
* (Note: Quantitiesmarkedbyam asteriskareshownonfig.U.)
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c absolutevelocity*,feet

w velocityrelativeto the

3

ger6Q,COIMI

bladeelement*,feetpersecond

b angleoftherelativevelocitywithrespecttothegridaxis(see
subscripts)or: angleofthereferencechordofthebladewith
respectto thegridaxis++

R resultantforceperunitspanwiselengthon theyrofile*,pounds

N componentof R normalto thechord*,pounds,

c comyonentof R parallelto thechord*,pounds

0
y

6 = COS-l = tan-l
(

~)*
R ~)

s = R cos(p+ 6) componentof R normalto thegrid*,pounds

T . R SW (p+ ~) componentof R paralleltothegrid*,pounds

II liftforceperunitspin+,pounds

D dragforceperunitSpan*,@unds

c anglebetweenL and W, degrees

a= J3- ~ angleof attac~,degrees
~L

a=—m slopeof theliftcurve

a= = 2fi/57,3slopeof thethemeticalliftcurveofa thinairfoilof
zerocamber

P staticpressure,poundsperfoot

q velocitypressure,pw.ndsparfoot

r circulation,feet~ersecond

A aspectratio

Subscripts

o refersto freestreamjustoutsidethewake

* (Note: Quantitiesmarkedbyan asteriskareshownon fig.11.)

.
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.

1 referstothep7.aneat inletofthsgrid

2 reFerst~tkophus atouthtiof the,~~id

u denotescompczwntincircmferantialdirection

m denotescomponenttaaxialdirection

Superscript

r~ferstomeanconditionh thegrid,foremnple

Coefficients

L
(?L===

Rcos(O+5-~)
Ziftooefficlentof thebladeseotion

1$ 1;

DESCRIPTIONOFAPPARATUS

TheTestStand

Theteststandfortherotathgbladegridshowninfigures1 and
2 wasessentiallya cylindricalairductof 36inchesdiameter,the
centraleectionofwhichhousedthegridenditcdrivingmotor,a
T~horaepower,1750rpu,direct-currentmotorwithWard-Leonardcontrol.
Themotorwascowledbya cyU.ndricalcasingof thesamediemeteras W
huhof thegrid.Stationaryfairingyiocesupatieamofthegridand

. Lowmtreamofthemotorcowlinglessenedinterferencesoftheflow
andestablishedrotationalsymmtrywhichIsdf~twbedupstresmonly

* (Note:Quantitiesmarkedbyanasteriskareshownonfig.11.)
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by slenderradialbrackstmsupportingthsnosesectionanddow@ream &
thegridby.tkecylin&’icainc’%mcolumnqof&5/6-inch diameterandthe
cornersof th9-motorImse. Thele~+~ cd?theductingketweentheinlet
bellmmuthendthecentersecticnwa~chosenwitha viewto obtaining
accuratemeamrwmn’%@ -Wequantityofflowat thethroatof thebell-
mou~~,thatof theoutletducttng,toavoidflawinterferencefrcm-!&e
throttleconeor theboosterfan;-eitherofwhichaouKibe placeaat the
outlet.

TheBladeC&id

(fig.3) hasthefollowingdimensions:Thero%tingbladegrid
20 incheshubdi~ster,36inchegtipdiameter,8 inch~sexialwidth.

“ Itcor?~stsof 12eqpallyspacedbladesof tdentic~lshayeandofequal
angularsetting,mountedbetwem thehu’anda shro7tiring, A rotating
shroudringwaschosento03&&i1~a wheelof efficientstrengthandri-
giaity.Wile radialclearancestherebyweresilminated,theiiesi&n

●
madenecessaryemnuhxraxialclearancesofayproximafiel.yone-eighth
inchwidthoneithersidecf theS-hroudring. ,.

Thebladesweremadeof castmethylmethacrylatereein,whichwas. foundhighlysuitable.Theyweremdxlnedasa c~linaertotemplet
of‘l’-Inchchorciofan airfoilfurnishedby theNati:’ralAa.visory
CmmitteeforAeronautics&’ig.4)poiishedtoa smoothaerodynamic
surface,thenheatedto255 F andgiventherequizzedtwistina @astir
casediemold. Themoldinsuzedunifwm shapeofailblades.Thisproc-
essadmittedofmodificationof thetwistof theblades,ifnecessmy.

~ ordertoestablishthepitchandtwistoftheblades,afirst
attemptwasmadetodesignthegridfora bladeangle,solidityand
liftcoefficientonmeanraiiiusforwhicha cliordtisedistributionof
pressuredifferencehadbeeniletmnuineiitheoreticallyby theNational
AdvisoryCommitteeforAeronautics.Withtheassumptionofconstancy
of circulationalongtheradius,thiscondition,whichtillbe referred
toas the’’’spe~ified”conflation,however,led toem excessivelylarge
htideangleandliftcoefficientat theroot. Forthisreasona diffe~
entconditionwasselectedas the“design”ope~atingcondition,at ~’hich
theIif’tcoefficientof themeanstationwaschosenCL = 1.0 compared
to CL = 1.26forthespecifiedcondition,Bladeangleandsoliditycm
meanraU.usccmwspondtotheepecifkl.values,and%heaxtal.velcoity
andcirculationwerema5.econstmtalongtheraaiusat thisdesigncon-
ditiqn.Thefollowingfaotorswereconsideredinthecalculation:

(a)Thezeroliftangleofattackingridarrange-twasdeter-
minedforthethlacircular-arcair~oilcomespondingto
thegi.venbladeprofile(reference1,p. 65)0

.



(b)Ccw~ectionwasmadefcrgridInterferenceduetocirculation
(reference1,p.40),

(C)Wther correctionwasmadeforgrfdin%erforenoedueto
thicknessof theblades(reTerence2].

(d)No accountwastakenof thedrag,as itsmagnitudewasunknown.

Theresultsaxegiveninthetabulationbelow:

GRIDDATAAllDBTADRANGLES

Section Radius Chord,1 Pitch,t
(in.) (irl.) (in.)

Tipsection 18 7 9.43

Outersection 17 7 8.p

Middlesection 14 7 7.3

Innersection U 7 5“77

Rootsection 10 7 .5.25

Bladeangle

350Oof
37023t

h703of

57°37’

60°00t

Oneof the12blades,tobe referredtoas themasterblade,(Fig.
!5},iSprovi~odwithnumerouspressuretapsof0.02-inchdiameterar-
ramgedinthreecylindricr~st.a-fiions,one“cuter”(r= 17in.),one
“middle”(r= 14 in.),anione“inner”(r= 11 in.) station,23tayato
eachstation,distrl>utedoverbothsideso??theblade,as ehownIn
figure.4.(k&ewastakeninthedzzilling,fimt to10catealltapsof
a givenssctionon thesameradius,inordertoeliminateerrorinpressure
measurement,andsecond,toplacecorrespondingtapsofthethreesections
at thesag cliord%iseposition.

TheSelectorSwitchandSeal

Pressureson theswfaceof thebladesectionweretransmittedto
thestatiozm~ysystemthrougha selectorswitchenda seal,shownin
figure6. Therotatingelementof thisswitchhad24connections,22
ofwhichleadtopressureconnectionson themasterblade.Theremain-
ing2 tapuwereusedas “blindtaps”toindicatethepositionof tke
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mslectorswitchwhiletheunitwasinoperation.By a latchdevice,o~er-
atedfromoutsidethetestsectionby axialshiftmotion,itwaspossible
to connecteachpressurelinesuccessivelyto thecentralpressurebore.
Fromhere,thepreEsurewastra?mrnittedto thestationarysystemthrough
a seal.Thecontactszr?asesforthepressureihzctat theselector
switchandat thesealweremadeof’softrobber.A lubricatingsystem
supplied.glycerineto thesealtohelpmaintaintheairtightcontactof
theslidingsurfaces.

ThePftot-TubeTraversingDevice

Theewipnentdevelopedfor~btainiwtraversesacrossthewakeof—.
the’bladeiitierotating~ystemisshowninfi&ure7. Thepitottube
usedforthispurposewasof syecfaldesigninsofaras ithada removable
screwed-intipcontainingthestaticpressoreholes.Withthetipin
placethepitottubewo’~idreadthestaticpressure;whileby removalof
thetipitcouldbe chang6dtca totalpressuretube. Theproportionsof
thepitoztubecorrespondedtothoseof a Prandtltube;itsdiameterwas
0.08inch.

Thepitottubecouldbe placedat anyspanwiaepositionoftheblade
ina planetangentto theconcentriccylinderby adjustmentof theholder,
andmovedcircumferentiallyfromwtthoutthetestsectionby a pulley-and-
levermechanismwhilethegridwasrotating.A sightingwindm.rinthe
casingpermittedstroboscopicobservationofthepositionof thepitot
tube.

TheEot-WireEquiprmnt

Thearrangementoftheapparatususedforobtainingoscillographic
recordsofaxialvelocityprofilesdownstreamof therotatinggridis
shownschematicallyinfigureS.

Thehot-wireinstrumentusedforthisworkhasbeendescribedelse-
where(reference3)forwhichreasona descriptionisomittedhere,ex-
ceptforthementionoftwoof itscharacteristics,namely,thelinearity
of itsreadingwithvelocityanditsrapidresponseto fluctuations,by
virtueofwhichtheinstrumentgivesreadlingsof thearithmeticmeanve-
locityofa fluctuatingstream,andsecondly,itsdirectionalcharacter-
isticsby virtueofwhichit ispossibletoreadthemeanaswellasthe
instantaneousvelocitycomponentnormalto thehotwire.

Thehot-wtrefilamentswereinsertedthroughsmallopeningsTro-
videdinthecasinghnediately~ownstreamoftherotatinggrid. To
coordinatetherecordingoftheoscillographpatternofthevelocity
fluctuationwiththepassingofa particularblade,therewasdeveloped
a triggercircuitandexternalsweepgeneratoroperatedby a lightbeam
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reflectedupona photoelectriccellfroma smallmirrorrotatingwiththe
bladegrid.Thesweepproducedby thecircuithada constantspeed,mak-
ingthedietancealongtheabscissaonthecscillo$raphpror~rtionalto
distanceincircumferentialdirectionoftherotatinggrid. Selectionof
thebladeintervalto
photocellunitinthe

Basic

be investigatedwasmadebyplacingthelightand
properperipheralpositim.

TESTFROCEDUR3

MeasurementsandCalibrationTests

Thequantityof flowwasdeteminedfroma staticpressurereading
at thecenterof thethroatofthebellmouth,whichhadbeencalibrated
againstpitot-tubetraverses.

Profilesofaxialvelocitiesversusradiusimmediately(8in.)up-
streamend10 inchesdownstreamof thegridat variousrat~.os:De~

w~
axialvelocitythroughthegridto tipspeed,~ 5/y representingcali-
brationdataareshowninfjgure9 astheyareof interestfortheeval-
uationoftestreeults.

TheDresenceof thecolumnssupporti~thermtorintheairstream
downstreamofthegridwasfoundtoaffecttheflowattheoutletof
thegridonlyveryslightly,anditwssconcludedthatthisinterference
mightbeneglected.

Theinvestigationoftheleakageacrosstheaxialclearancesof
therimdisclosedthatthethrustactingonthewheeldecreasedthe
forwardclearanceto les~thanone-ei@thinch.No inwardflowwas
noticeablethrou@theolearancesincewin@e cowntere:tedthisflow.
WiridaZealsomadeiapossihlean exacideteminat~onof theoutwardflow
throughthedo-wnstreamolearance.Thisflowvariedgreatlywiththe
back-pressureon thewheel.At maximumliftcoefficientoftheblades
itdidnotexceed2 feetpersecondorapproximatelyfivepercentof
thequantityof flow.

MeasurementsofPressureDiHtr?bUtion

Theaccuracyofpressuredistributionmeasurementson therutating
bladeswascheckedbyrepeatingthefirstfewreadingsattheendof
eachseriesofmeasurements,therebeingno independentVethodof cali-
bration.Comparisonofthepreesuremeasurementr.eaesttothesta@m-
tionpointofthebladewitha totalpressuremeasurementfrnma fixed
Pitottubeplacedimmediatelydead ofthegridservedas anuthercheck.
Itwasnotnecessarytodeterminetheeffectof centri~~galforceupon
theairintherotatingpressureleadsseparatelysincetheresults

.

.

?

.
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arebaseduponTressuredifferencesrather.tbznupontheabsolutevalue
of yressux-es.Theprincipalseriesofteatsc0nsi8tedofmeasurements
of thepressuredistributionoverthethree’selectedbladestations
r. 11 inche~,r . 14 inches,and r = 17 inches.Conditionsof oper-
ationwerevartedeitherby c-e of speedoftheboosterfanorby
adjustmentofthethrottlingdevice.Thespeedofrotationofthegrid
was900to lCOOr-pmexceptfortestsrequtringa boosterfan,inwhich
itrangedfrom350to 880rpm. Thisreductionwasnecessaryto remain
withinthelimitsof capacityofthebooster~an. Theteetecovereda
rangeofRemoldsnumbersbaseduponthechordofthebladeandthe
meanrelatfvevelocitypasttinebladeof R = 300,000to R = 620,000
Forthemiddlesection.

Pitot-TubeWakeTrave~ses

AlinementoftheFitottubewithreepectto theflowwasobtained
by stroboscopicobservationcf a silkthreadattachedtotheheadof’
thepitottube. Thevariattonofdi~ectionas indicatedby thethread
waslessthan+10°relativeto thepitottube,whichwasconsiiiereato
bewithinallowablelimits.Whatwassaidinregardtopressure?xeasure-
mentsintheyrecedingparagraphalsoappliestopitottubemeasurements,
particularlythatitwasnotnecessarytoaccountfortheeffectof cen-
trifugalforce@ therotat+tagleadsexplicitly.

Thewaketraversesrelativetotherotatingbladegridweretaken
behinathemasterairfoilatthesameoperatingconditionsasthepres-
suredistributionmeasurements;thesurveysextenaedovertheReynolas
numberrangefrom R = 300,000to R . 620,000forthenidalesection.
Theaxial&istanceofthetipofthepitottubefromthetrailingedge
of theblade‘variedfrom1/4to 1.6inchandisstatedinconjunction
withthetestresults.Ingeneral,theoyeratingconditionsweread~usted
to operateattheliftcoefficientoftheco~esponaingpressuredistri-
butionmeasurements.Thiswasdoneto establishcorrespcmdenceof the
dragcoefficientscalculatedfrommeasurementsobtainedby thetwo
techniques.

Staticpressuremeasure?ientsweretakenimmediatelyaftertherun
fortotalpressu~emeasurements,a briefstopbeingnecessaryto insert
thetipwhichconverteathetotalpressuretubeintothestaticpressure
tube.

Hot-WireMeasurements

. Hot-wiremeasurementswereobtainedfora select@numberofoper-
atingconditionscorrespo@.ingto thoseofthepres’sureandpitot-tube
traversemeasurements.Thehotwirewasorientetiinthe@ane of

.
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inch downwtme.mof t.hotrailingdgo and
circ!.e.Thsmem velocityre.vii~of tho

DirectionofFlowintheBoundaryLayerof theD1.ades

Measurementsoftiedirectionoffloralongthesurfaceofthe
bladeswwreundertakenforthepurposeofexplsiaingcertuindiscrep-
anciestetweenthedr~ a~determinedfrompressuredistributionand
waketraversemeasurements.Wnileno simplemethodwasdiscoveredfor
themeasurementsofti~eradialcomponentofvelocityinfreestreamof
therotating~id sincesilkthreafisaredeflectedty cnfitwlf%”alforc!e
andsmokev~e~ diffic~~tto~b~erpe~ S&O~OSCOpiClight,a l?lethOd
describedby Rud@n(refeiicmce2)utilizingthechemicaldiECO?.Cr@$
acttonofammoniavaporupon0za3.id~aperprovedapplicableinthe
boundarylayer.

Ozalidpaperwasgy~edsmoothlytothebladesurface,andammonia
vaporvms fnk~oducedthroughthepress-uredu~tsandemittedflwnpin
holesin the pipei8. A setcftregoswa8producedby the~Zia-~pOr
methodat eelecklpointsonbothsidesof theairfoil.

rJxmJEsIGN

of theBladeSections

Uy.lroXU,a toc, showa ?.xniherofpressmedistributionsinnon-
dimensionalforaphhtedversusdistancealongthechordfortheml~dle,
outer,an~innerbladestatiom$reapective~y.

Fromthepressuredistributions(fig.10,a toc)werecalculated
successiy~elythenormalforcecomponentperu-nitofs~anwisolength,
N andtiiachor&iseforcecomponentC, theresultantforceR and
itsdirectionwithrem~ecttot.bplaneof therotationof theg~irl,
fimdl.y,theliftcoefficientL>Tandthe“pressure’!dragcoefficient

CD“ Tbegeawetiical~elat~onof thesoquantitiesmaybe seenfromthe
velocitydiagram(fig.II). .

The~pecifyi~terin“~ressure”dragisusedherebecauseinherently
themethodofmeasurementyield~onlya portionof the&ag, munely,
thepertduetothedeviationof thepressuredistributionfrcmtkat
correspondingtopotenttalflow,No accountIstakenof thedirect
effectof skinfriction.Ithasbeenshownthatin~ridsofhigh

.

●
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soliditythepressurednag&oesnotdiffergreatlyfromtheprofiledrag
of theati”oil(r-efere-une4).

AorodynaMc

Curvesof thelift

C%sracteristicsof theBladeSections

coefficientCL vexsussngleof attacka
andversusCD =e 6hcwn~ fi-e 12. me ~~- ~ c~~es fordl
threestatimsof thebladeShGVatiaightportionsinthersmgeof low
positiveanglesofattack.As tha CL increases,boththeoutersta-
tionendthemiddlestationaresllbjectedtoa gradualstallextending
over a widersn~eofmgies of attack.Themaxjmumliftcoefficient
of theouterstationsissmallerthenthatof themiddlestationsand
itsstallingregionbeginsata lowvalueof CL. ‘I%e3nnerstation,
however,revealsno eti,denceof stall.“af~ot,at Iergeliftcoef-
ficieritsthetestpointsfallconsiderablyabovethestvaightline.
Thisanda correspondingde~iationatne~ati~aCL maybe explained
hy radialaicplacementof We flow (seefig.9)at theseconditions
whichdiffergreatlyf%onthedesignccndition.

Accordingtofigure12 tb zeroliftan@e of attackv~ies 60
fromtheinnertotheouterstation.SinceMm bladewasnotdes@ed-
forthisopsratingcondition,radialdlsplacemsntof theflow(seefig.
g)precludesclosecol?relationby thetwo~henslonaltheory.Thefollow-
ingfactors,however,maybe corieidared.

I.GridInterferenceOriginatingfro~VortexFields

Thinaimfoilgridtheoryof ceziberedprof31es(reference1) leads
toa vez-iationof zerollftangleof attackof lessthan1°betweenthe
threeGectioneoConsequ6nt~-,thisisan effectofminorimportance.

II.ThicknessInterference

Vsxlationofam.g-ieof attackcausedbythethicknessof‘the%Wle
sections,calculaobaby theIn9thcdofreferences2 anda,requiresa
correctionof -1 !2Ctfortheoutersecticmardof+2037Yfortheinner
sectionendisnotnegligible.

111.RelativeRotation

Theatr,havingno rotationinitially,rotatesineach%ladein-
tervalrelativeto thegrid,indirectionoppositetothatofthegrid
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it anangularvelocityepaltothemgulaz-velocityofthegrid.12ela-
tiverotationprodnooe:?)e -per@e2alvolocitief3on thssurface0?coa-
centric.cylindemwhicheyeof interestinchocmi~thebladeangles,
and{b]velocitiesinradialdirection.

‘Theeffectofrelativerotetisnoannotbe a2pralsedreadilysince
theimpedingactionoffrictionisnoteuf~icientIyknown.

!Tilickness6ffcc%ayyearstobe tinemajorfmtir causing~iatiOn
of zeroliftsugl~M attackof theiihmeebladesections.Itisnoted
thatthecalculai~dthickmssccrrectianisof thesamea&i &admagni-
tudeas thevutationof zeroliftangleofat%eckmeasured.

At theangleofattackcozmspont.ingto thespecifiedoporattig
Conditfonal= 29°293m *b Mcitlemotion,figure22Ehcws~easured
liftcoefficientsof ~ = 0.88to0.98,us~kcdby a ciscle.Thetheo-
reticalexpectationforthioccntittcnwas C& = 1.25.A yarti.alex-
planationfcrthis~ronounceddiocreyancymaybe dertvedficma calcw-
Uationoftheefft3ctiv6aayectI*atiorelatedtotheslopeof tlh9meas-

uredliftCU?X%3by

TM effectivs

na~-a

aspectratiosthuscelcuktadare:

AF&J = 2,14 forthe

Aeff=6.(Ioforthe

‘eff= 2.27fortine

outerstation

middlestation

innerstation

isdrawninfigure12 in‘dotanddashforcomparison.

Theliftcoefficientsat thespecifiedcondittonof thomiddlesta-
tio?imaynow??3c&lsulatedfromtheangleofattackwithresyectto the

zeroliftpoint,forinfiniteaspectratio(
21rslope~ = — )

Q = 1.31
57.3

andforaspectratioAoff= 6.0,~ =0.99,givingrathergoodagree-

mentwiththomeasuredresults.

A comparisonof themeasuredpressuredistributionof themiddle
stationfortheapoclfiedoperatingconditionandof thecorrespondtig
theoreticalpressuredisixributtonwasmadeinfigure13. ‘l?heformer
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wascalculatedby
CL = 1.26Wd IS

theNationalA&viso-ryCommitteeforAeronauticsfor
constantfromtheleaiiingedgetothe30-percent

hg dg;. !ke fi,tkw% We prsssm-edlstrtlxrtioncurvemarked
CL = 0.88 offigure10areplottedto scale.fieonsidsrationofthe
effectofaspectratiodiecu9se&aboveitmaynotbe expected.anything
morethana genei’alresemblaaoeisedxiblished,andthisreseniblance
obvio-aslyexists.

ProfileI&ag

Resultsofprofiledra calculationsfromthepitot-tubewake
traversepattez-nstakenat %0 rimandshowninfigure14aretabulated
below:

I Station I CL(r)’‘a. ,
17 I 0.545

14 I .72

121/8

11 I .516

‘D fromwaketraversalI
0.1315

.0429

.0487

.1456

The vattensat r = 11 inchesandat r = 17inchesclearlyare
affected%y theboundx”ylayeratthehubandthe-casing,respectively.

Dr~ coefficientsforthese
by evaluationof theequation

[j

rJCD=:
1

wake

A @ical oscillograph

( v—
‘o

of a
componentsis showninfigure17
R = 500,000.Incalculatingthe
countwastakenofthedeviation

and.othermeasurementsworeobtained

b p (:J W]J/- .
wake

.

hot-wirewaketraverseof axialvelociiqy
forthetiddlestationat CCL=0.72 and
profiledzzagfromtheserecords,no ac-
ofthedireotionofflo-wfromtliemean

direction,a simplificationgenerallymadeintheevaluationofwake
profilesfordeterminationofprofiledrag.For B = constanttha
aboveequationfor CD msybe relnbittenintermsaftheaxialcoqmnentof
velocity
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cm= J?/cot3

It isseenthattheangle !3

.
p and Cm = wo/cos@

maybe eliminatedandtheequationreads

CD=V.k=-(%5”-fC%)a‘1
Thedragcoefficientscalculatedfrompitot-tubeandhot-wire

traverseshavebeencorrelatedwithpressuredragcoefficientsversus
thecorrespondingliftcoefficientsfortheinner,middle,andouter ,
stationinfigures16a,16b,and.16c,respectively.A fewdragcoef-
ficientstakenatotherspeciaUydesignatedradiiwerealsoehownin
thesegraphS,

Furtherteetresultsrelatingtothequestionofdragofrctating
bladesaregiveninfigurel?,whichisa particularsampletakenat
CL = 0.”/2and R = 500,000forthemiddlesectionofvagortrace
recordsat various pointson bothsidesofthesurfaceoftheblade.
Finally,a comparisonismadeofwaketraveraeprofilesofaxial
velocitiesottainedbythepitot-tubeandthehot-wiremethodsat
identicaloperatingconditions:

CL = 0.72,R = 500,000,forthemiddlesection(i’ig.18).

Thefollowingconclusionsmaybe drawnfromfiguresleato 16c,
17,an’18.

(a)Thedragcoefficientsobtainedbythethreedifferentmethcds
agreebetweenCL = 0.5and0.7 at themiddlestation,Themln?.mm
value CD= 0.03 atthisandtheinnerstationisonlyslightlylarger
thanmightbe anticipatedinviewofthelargethiclmessratioofthepro-
files.

(b)MaximumL/D ratiooccursat liftcoefficientsmuchlower
thandesignliftcoefficients,whichsuggeststhata profileofla-ger
camber,forwhichpresumablythe

()‘/D maximumoccursathighein
CL wouldbemoresuitable, particularlyfortheinnerandmiddlestations.

(c)Dregcoefficientsfrornwa!mtraverseeoftheinrmrandouter
stationsareconsiderablylargerthanthepressuredragcoefficients.
Whilethediffusereffectassociatedwiththedecayoftkewake
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. dolmstreamofthe,gridmayka ev~gosteaasa causeof thisd.iscrepanoy,
ita~pearsthatthepz’ir~ipalfactoristheradialmrtwsrddisplacement
of thewakeS@ of-tk.ebovndarylay-rof thehub(thelatterflowing
outwardinthewiidnkade& theblade),as shs-wnby waketraverse
resultsatva~icaaradiilargerthenthatof theinnerstation(specially
merkedonfig.Iia)aadmailerMm thatof theouterseotlon(specially
markedonfig.I?c)whichestabl~.sha gradualtixmsition.

Ifradialdisplacementof thewakeistakenintoaccount,the
widelydivergentvaluesofpressureandwaketraversedragsmaybe
reconciled.Conversely,itmignthestatedtkatdragmeasurementsby
thee~.erimontalmethodsag~lied=wenotconclusiveunlesstheeffect
ofradialdlsplacmnentofflow2sknown.

(d) M-ile radially outwardnotionintheboundarylayeralongthe
backofthebladeiscloerlyiodicatedinfigure17,it isabsentalong
thefrontof theblada,-~robab~~becausoof tierotationof thebody
ofairrelativeto ‘&egrid. Thisx-and9rstkmstmctureof thawake
morecomplicatecljnot,howeve~,to theextm% 05 theinvalidatingthe
rem.ltsofwaketravweommw.ucements.Anotinerfac’~~ofa q=li-ttkive
natureareerraticfi-~~:~tioiisof linehot-wirewalkeprofileofthetdp
stationnearthestal.iingccnditionofthatsection,presumablyfrom
interactionof thebounda~ylayerof t.kmcasingandofTrofilewakes.
Thasefluctuations,thoughnotdiscernibletncorrespondingpitot
traverses,tendtolimitthereliabili~vofthelatter.k theabsence
ofmoreaccurateor quantitativeinffcwmationitismerelysuggested
thattheobservedinstabilityprece~esormayevenbethecaussof
stallingat thetipwhich,inturn,mayinitiatapumpingevenbefore
therootsectionhasreachedthestallingpoint.

(e)Altio~ghtheagreementofpltotandhot+ziretraversesshorn
infigure18maynotbe as closeaemayseemdesirable,thecomparison
servestoemphasizethat‘~ehot-wiretraversemethod,which1smuch
sim~lerthantheothermethodsofdragmeasurementemployedmeyhe
expectedtogiveusefulquantitativeresults.

(f)sUmmarfztng$heanalyalsof theprofiledragof therotating
grid,i.tisevidentthattheboundarylayersat thehubandat the
easinghavea largeh~luenceu--onthedragcharacteristicsof the
blade.Whileit isregrettdthatmeasurestowarddecreaseof these
boundarylayers(shortansingof theapproachlomgths;redesignof the
upstreamportionof thehub)couldnotbe taken,thereissomejusti-
ficationto assumethattheoperationofrotatinggriasinmultistage
unitstakesplaceinthepresenoeof “endeffects”notunlikethoseof
thetestgria.

(h)Therationaldesignofa gridinwhicheachbladesectionis
adaptedcloselyforoptlnnnnperformanceat designconditionwouldre-
quireadvanceknowledgeof thadragaswellas oftheiiftcharacteristics
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of thevariousbladesections.Furthermoreit
alongthespan,ofthecam%erandthicknessof
additiontobladeanglevariation.

NAC.4TNNo.1128

wouldcallforvariation
theairfoilsectionin

CorrelationofGridPerformanceCalculatedfroraProfileCharacteristics

withMeasuredPerformance

Variationof circulationwithradius.- Thecirculationaboutthe——
bladeeectionwascalculatedfromtheequation

—.

CL1;
I’.y--’

Thequantityr/u wasthenformulatedto correctforrotativespeed
andplottedagainstwin/uinfigure19. Thethreecurvesofthis
graphforthethreebladestationsseemto indicatethefollowing:

(a)Constantcirculationoverthemiddle
naintaj.nedovera verywiderange
includingthedesignccndition.

(b)Thecirculationoftheinnersection

andouterstationsis
ofoperatingconditions

isconsiderablyless
thanthemiddleandoutersectionsforallbutverylight
loadsofthegrid; Thismaybeattributedinpartto
boundarylayereffectswhichmaybeaccentuatedinview
ofthelargedragofthissection:andinparttoneglect
ofrotationoftheairrelativetsthegridinthechoice
of thebladeangles.

(c)Thestallingpointsofthemiddleandoutsrsectionsareclosely
interrelatedandmaxtmumcirculationoccursat nearlythe
saneoperatingcondition.

(d)Theinnersectionwasnotaffectedlythe,stallingof themiddle
andouterparts.Thecirculationcontinuedto increaseas
theloadonthegridwasincreasetwithoutindicationofa
stall.Thehighestr valuesthat couldberealizedwith
thetestapparatuscloselyapproachthemaximumoftheouter
andmiddlestations.

(e)Thecurvessuggestthepossibilityofdesigningbladesfor
constantcirculatj,onalongtheradius,eventhoughthiswill
leadtoverylargeliftcoefficientsat theroot.This,
however,wouldrequirepriorverificationby test,which
wasnotundertakeninthepresentinvestigation.

.

*

.
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StaticPressures

A nondimensionalstaticpressureincrease@/qu wascalculated
fora numberoftestpotitsforeachbladesectionasfollows:

andplottedversuswin/uinfigure20.

Thusthethreesolidcurveswereobtainedforthethreesections.
Correspondingcurves(dottedlines)wereplottedfromthemeasured
staticpressureincreaseacrossthegrid. In calculatingthelatter,
thofrictiondropintheductwastakenIntoaccountanda linear
variationof staticpreesurebetweenthehubandtipwasassumedinstead
of theunknownactualvariation.As mightbe expectedinviewofthe
factthatthearidproducesa vortexatdischarge,thestaticpressure
riseacrossthegridincreaseswiththeradius.Thisfactisbrought
outby theverticaldisplacementofboththemeasuredandthecalculated
curvesforthethreesectionswithres~ectto eachother.

Intheregionofthedesignoperatingconditionthemeasuredvalues
fortheinnerandmiddlestationsarebutslightlybelowthosecalculated
fromtheprofilecharacteristics;thosefortheouterstationdiffer
by 5 percent.Above-d lelowthisregion,however,measuredvalues
areconsiderablylower.Thediscrepancycannotbe analyzedreadilybut
mayle tracedto theinterferenceoftheflowdownstreamof thegrid
by thetubessupportingthemotor,equivalentto contraveneeffect,to
secondaryradialflowandto turbulentmomentumtransport,thelatter
resultingfrominstabilityof theouterboundarylayer,forwhichno
allowancehasbeenmadewhenaccountingforskinfriction,andfinally
at largequantitiesofdischarge,thatis,largevaluesof w~d, to
variationswithradiusofaxial.velocitycomponentatoutlet(seefig.9)
forwhichno correctionhasbeenmade.

In considerationof this,thecorrelationisregardedas quite
satisfactory.



lb NACATNNo.1128

COIWXZJS1ONS

1.Theprofileliftcharacteristics,CL versusa.,forvarious
stationsof therotatingbladegridarelinearovera rangeofan@es
of attack;theirslopeandcorre~pondingaspectratiovariesfrcma
maximum(A= 6) atmidspantoverylowvaluesnearthetipandvoot.
Theseresultssuggestthattheassumptionof infiniteaspectratiomade
inthetwo-dimensionalgridtheoryisinadequateforgridsof theso-
lidityandthicknessratioof thetestgrid.

2.Thestallingpointsoftheouterandthemiddlesectionsare
closelyinterrelated;whereastherootsectionappearstomaintain.
normaloperationevenaftertheflowpasttheoutersectionhassepa-
rated,indicatingthatstallingspreadfromtheoutersectioninward.

3.Theinnerstation,tb,atis,theprofilene,artherootsection,
showednotendencyto stallat veryhighliftcoefficients(CL= 1.4)
andat valuesof thecirculationforwhichstalloccurredatthetip
andmiddlestations.It isconcludedthatrcl%tingdeceleratinggrids
maybe designedforliftcoefficientsat therootconsiderablyabove
thoseacceptedinpresentpractice.

4.Theyolarcurvesofthevmiousbladesectionshavea relatively
narrowrangeofminimumdragcoefficient(asa consequenceof theirlow
effectiveaspectratio}conclusion1,.aMve).Thisrenderstheireco-
nomicaloperatingrangequitecritical.Furthermore,themaximarnL/D
ratiooftheprofiletestedOCCLUX3at liftcoefficientssmallerthan
thedesi~ liftcoefficient.J?rof’ilesoflargercamberthanthatof
thetestsectionshouldbe chosenfortherootandmidspanstations,
forcorrespondingdesignoperatingconditions.

5.Radialdisplacewntofthoboundarylayerandofthewakeisa
factorofmajorimportancecontrollingtheeffectiveaspectratioof
thebladesections.Undercertainconditions,suchasthoseofthetest
gridjitcausesseparationofflowatthetipsectionbeforetheroot
sectionapproachesitsstallpointandthusprecipitates‘lPUmTJbg~’as
a resultoftipstall.Boundarylayerremovalatthetipissuggested
as a meansof restric%i~thepumpinglimitinducedby tipstall.

6.Resultsofmeasurementsofprofiledragfromoscillographs
obtainedwitha hotwirep,lacedstationarydownstreamof therotatin~
gridareingoodagr~ementwiththoseobtainedbyothermeans.The
hot-wiremethodhaetheadvantageof readyapplicationandof simplicity
andpromisestogiveresultsof satisfactoryaccuracy,providedthehot

.

.

.

.
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wirehastherequired.direstfonalandres~onsecharacteristics.
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Figure2.- Photographof test setup from discharge side.
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